Electron spin diffusion is investigated in monolayer MoS2 in the absence of external electric and magnetic fields. The electron-impurity scattering, which is shown to play a negligible role in spin relaxation in time domain in this material, has a marked effect on the in-plane spin diffusion due to the anisotropic spin precession frequency in the spatial domain. With the electron-impurity and inter-valley electron-phonon scatterings separately included in the scattering term, we study the intra-and inter-valley diffusion processes of the in-plane spins by analytically solving the kinetic spin Bloch equations. The intra-valley process is found to be dominant in the in-plane spin diffusion, in contrast to the case of spin relaxation in time domain, where the inter-valley process can be comparable to or even more important than the intra-valley one. For the intra-valley process, we find that the in-plane spin diffusion is suppressed with the increase of impurity density but effectively enhanced by increasing electron density in both the degenerate and nondegenerate limits. We also take into account the electron-electron Coulomb scattering in the intra-valley process. Interestingly, we find that in the nondegenerate limit, the intra-valley spin diffusion length presents an opposite trend in the electron density dependence compared to the one with only electron-impurity scattering.
I. INTRODUCTION
Monolayer MoS 2 has attracted much attention due to its promising applications in electronics, [1] [2] [3] [4] optoelectronics, 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] valleytronics [9] [10] [11] [12] [13] [14] [15] [16] [17] and also spintronics. 12, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] For the application of spintronic devices, the suitable spin lifetime and spin diffusion length are required. [30] [31] [32] [33] [34] [35] [36] [37] [38] This indicates the importance of the investigations on the spin relaxation and spin diffusion in this material.
Very recently, spin relaxation has been studied in monolayer MoS 2 .
21,28, 29 Wang and Wu 29 calculated the in-plane spin relaxation time of electrons due to the D'yakonov- Perel' 39 (DP) and Elliot-Yafet 40 (EY) mechanisms with the intra-and inter-valley processes included. They pointed out that the DP mechanism, which results from the inhomogeneous broadening 41 together with any scattering process, dominates the spin relaxation. The inhomogeneous broadening is from the spin-orbit coupling (SOC) of the conduction band
where the z-axis is perpendicular to the monolayer MoS 2 plane; λ c , A 1 and A 2 are the strengths of the SOC; µ = 1(−1) represents the K(K ′ ) valley. The first term of the SOC, which is momentum independent, only induces the inter-valley DP spin relaxation whereas the last two terms are momentum dependent, which lead to the intraand inter-valley spin relaxation processes. In addition, as only the last term (i.e., negligible anisotropic cubic one) causes the DP spin relaxation with the electron-impurity scattering, the electron-impurity scattering is shown to play a marginal role in the spin relaxation.
29
In contrast to the spin relaxation in time domain, the inhomogeneous broadening in spin diffusion for in-plane spins is determined by the spin precession frequency 42, 43 x , all three terms become momentum dependent, which can induce the intra-and inter-valley relaxations for in-plane spins along the diffusion. This is different from the case of the spin relaxation in time domain as previously mentioned. In addition, k −1
x also makes the first two terms (i.e., the leading ones) anisotropic. This suggests that the electron-impurity scattering may play an important role in the in-plane spin diffusion, which is of great difference from the case of the spin relaxation in time domain in monolayer MoS 2 , 29 but similar to the case of the spin diffusion in semiconductors 42, 43 and single-layer graphene.
44
As for the out-of-plane spins, the spin diffusion length is infinite since the spin precession frequency ω µ [see Eq. (2)] is along the out-of-plane direction. However, this is not the case in the presence of an out-of-plane electric field. Very recently, Bishnoi and Ghosh 45 investigated the out-of-plane spin diffusion with this electric field applied. They showed that the out-of-plane spins relax during the spin diffusion since the out-ofplane electric field induces a Rashba SOC, which provides an inhomogeneous broadening in the spatial domain for out-of-plane spins. 42 However, the Rashba SOC they used is incomplete according to the recent work by Kormányos et al.. 46 In addition, the electron-electron Coulomb and electron-impurity scatterings, which have been shown to play an important role in spin diffusion in semiconductors 42, 43, 47, 48 and single-layer graphene, 44 are absent in their work. 45 Moreover, they also overlooked the inter-valley electron-phonon scattering, which is of crucial importance in spin relaxation in time domain.
28,29
It is noted that in addition to the out-of-plane electric field, an in-plane magnetic field can also lead to the outof-plane spin relaxation along the spin diffusion. 42, 43, 49 This is because the in-plane magnetic field (B) gives rise to a spin precession frequency in the spatial domain as m * gµ B B/( 2 k x ), which provides an inhomogeneous broadening for out-of-plane spins during the spin diffusion.
In this work, we investigate the electron spin diffusion in monolayer MoS 2 in the absence of the external electric and magnetic fields. As the contribution of the spin-flip scattering due to the EY mechanism is negligible, 29, 45 we only take into account the spin conserving scattering. With the electron-impurity (intervalley electron-phonon) scattering included, the intravalley (inter-valley) diffusion process for in-plane spins is studied by analytically solving the kinetic spin Bloch equations (KSBEs). 50 We find that the intra-valley process dominates the in-plane spin diffusion, which is very different from the case of the spin relaxation in time domain in monolayer MoS 2 where the inter-valley process can be comparable to or even more important than the intra-valley one. 29 Moreover, it is shown that the in-plane spin diffusion length decreases with the increase of the impurity density but increases with increasing electron density in both the degenerate and nondegenerate limits. Very interestingly, with the electron-electron Coulomb scattering further taken into account, the in-plane spin diffusion length shows an opposite electron density dependence in the nondegenerate limit compared to the one with only the electron-impurity scattering.
This paper is organized as follows. In Sec. II, we introduce our model and the KSBEs. In Sec. III, we investigate the in-plane spin diffusion by analytically solving the KSBEs. We summarize in Sec. IV.
II. MODEL AND KSBES
The effective Hamiltonian of the conduction band near the K(K ′ ) point in monolayer MoS 2 reads
according to the latest work by Wang and Wu. 29 Here, ǫ µk = 2 k 2 /(2m * ) with m * representing the effective mass; Ω µ is given in Eq. (1); σ are the Pauli matrices. We then construct the microscopic KSBEs 50 to investigate the electron spin diffusion in monolayer MoS 2 . The KSBEs can be written as
with ρ µk (x, t) being the density matrices of electrons at position x and time t. The diffusion terms are described as
by assuming that the spin diffusion is along the xaxis. The coherent terms ∂ t ρ µk (x, t)| coh can be found in Ref. 51 . As for the scattering terms ∂ t ρ µk (x, t)| scat , we neglect the spin-flip ones due to the EY mechanism since the contribution of the EY mechanism is negligible.
29,45
Here, we only include the spin conserving terms, i.e, the electron-electron Coulomb, electron-impurity, intravalley electron-acoustic phonon, electron-optical phonon, and also the inter-valley electron-phonon 28, 52 (electron-KTA, -KLA, -KTO, and -KLO) scatterings. Here, KTA, KLA, KTO and KLO correspond to the transverse acoustic, longitudinal acoustic, transverse optical and longitudinal optical phonon modes at the K point, respectively. The detailed expressions of the above scattering terms are given in Ref. 51 and the scattering matrix elements are given in Ref. 28 .
III. SPIN DIFFUSION A. Intra-valley process
We first focus on the intra-valley diffusion process for in-plane spins by simplifying the KSBEs with only the electron-impurity scattering included in the scattering term. By taking the steady-state condition, the Fourier components of the density matrix with respect to θ k are given by
where the valley index µ is neglected for the intravalley process.
stands for the lth-order momentum scattering rate with |q| = 2k 2 (1 − cos θ k ). N i and U 2 q represent the impurity density and electron-impurity scattering matrix element, respectively. It is noted that in recent experiments, the mobilities at room temperature are reported to be of the order of 0.1-10 cm 2 V −1 s −1 in monolayer MoS 2 on SiO 2 substrate.
1,54,55 By fitting to the mobilities in these experiments, one obtains the impurity densities (e.g., N i = 4.4 × 10 13 cm −2 corresponding to the mobility 10 cm 2 V −1 s −1 ). 56 With these impurity densities, the electron-impurity scattering is in the strong scattering limit (in time domain), i.e., |2λ (7) with
Since the system is isotropic for in-plane spins, we choose the injected spin polarization along the x-axis without losing generality. With the boundary condition S k (0) = (S k (0), 0, 0) and S k (+∞) = 0, we have
with
B. Inter-valley process
We then turn to investigate the inter-valley spin diffusion process by analytically solving the KSBEs with the inter-valley electron-phonon scattering included in the scattering term. Similar to the intra-valley process, one obtains (11) based on the elastic scattering approximation.
28,58,59
Here, 1/τ
is the lth-order inter-valley momentum scattering rate with N ph and M 2 q being the phonon number and the inter-valley electron-phonon scattering matrix element, respectively. It is noted that differing from the electronimpurity scattering, the inter-valley electron-phonon scattering is in the weak scattering limit (in time domain) according to the recent work by Wang and Wu, For simplicity, we first retain the lowest two orders of |l| (i.e., 0, 1) and obtain 
where
With higher orders (|l| > 1) of ρ l µk included, we find that the inter-valley spin diffusion length l in inter varies slightly (not shown).
60

C. Discussion and results
In the calculation, the effective mass m * = 0.38m 0 with m 0 being the free electron mass;
29 the coefficients of the SOC λ c = 1.5 meV [Ref. 25] and A 1 = 417.94 meV A 2 . 29 The parameters related to the scattering matrix elements are given in Ref. 28 . With these parameters, we calculate the intra-and inter-valley spin diffusion lengths in both the degenerate and nondegenerate limits.
In the degenerate limit, the intra-and inter-valley spin diffusion lengths are given by l in intra (k F ) and l in inter (k F ) according to Eqs. (10) and (15), respectively. Here, k F is the Fermi wavevector. To compare the relative importance between the intra-and inter-valley processes in the spin diffusion, we calculate
As the electron-impurity scattering is in the strong scattering limit in time domain (i.e., c 2 1 ≪ c 2 ) and the inter-valley electron-phonon scattering is in the weak scattering limit in time domain (i.e., c
. This indicates that the intra-valley process dominates the in-plane spin diffusion, which is very different from the case of the spin relaxation in time domain in monolayer MoS 2 where the inter-valley process is shown to be comparable or even more important than the intra-valley one. 29 In the following, we only calculate the spin diffusion length due to the intra-valley process l in intra (k F ) according to Eq. (10). In Fig. 1(a) , we plot the electron density dependence of the in-plane spin diffusion length. The impurity density is taken to be N i = 3 × 10 12 cm −2 so that the electronimpurity scattering is in the strong scattering limit in time domain. The corresponding mobility is of the order of 10 2 cm 2 V −1 s −1 , which is about 1-2 orders of magnitude larger than those reported in the experiments.
1,54,55
We find that the spin diffusion length due to the electronimpurity scattering (curve with ×) increases with the increase of the electron density. This can be understood as follows. The intra-valley spin diffusion length is approximately given by
according to Eq. (10) under the condition that c 2 1 ≪ c 2 as previously mentioned. When the electron density increases, the Fermi wavevector k F increases whereas the electron-impurity scattering rate 1/τ 1 i decreases in the degenerate limit, 51 leading to the decrease of c 2 and therefore the increase of the spin diffusion length. In addition to the electron-impurity scattering, the electron-electron Coulomb scattering is also taken into account whereas the intra-valley electron-phonon scattering is neglected due to the negligible contribution.
29
As done in the spin relaxation in time domain, 50, 61 we calculate the in-plane spin diffusion length according to Eq. (10) with the effective momentum scattering rate 1/τ * = 1/τ 1 i + 1/τ ee replacing the one due to the electron-impurity scattering 1/τ
2 /( E F ) represents the momentum scattering rate due to the electron-electron Coulomb scattering with E F and k B being the Fermi energy and Boltzmann constant, respectively. 61 The results at T = 50, 75 and 100 K are shown in Fig. 1(a) . By comparing these results with the one calculated with only the electron-impurity scattering (curve with ×), we find that that the electron-impurity scattering plays a leading role in the in-plane spin diffusion. This is very different from the case of the spin relaxation in time domain in monolayer MoS 2 where the contribution of the electronimpurity scattering is marginal. 29 Moreover, we find that the intra-valley spin diffusion length decreases with the increase of the temperature when the electron density remains unchanged. This is because the electron-impurity scattering is insensitive to the temperature in the degenerate limit 51, 59 whereas the electron-electron Coulomb scattering increases with increasing temperature in the degenerate limit, 61 leading to the decrease of the spin diffusion length as the temperature increases [see Eq. (17)].
In addition, we also investigate the impurity density dependence of the in-plane spin diffusion length with the electron density N e = 10 13 cm −2 as shown in the inset of Fig. 1(a) , with only the electron-impurity scattering included. It is seen that the spin diffusion length decreases with the increase of the impurity density, which can be easily understood from Eq. (17).
Then we turn to the nondegenerate limit. The intraand inter-valley spin diffusion lengths are calculated by l in intra (k T ) and l in inter (k T ) according to Eqs. (10) and (15), respectively. Here, k T = √ 2m * k B T / stands for the "thermal" wavevector.
61 Similar to the degenerate-limit case, the in-plane spin diffusion in the nondegenerate limit is also dominated by the intra-valley process. With the impurity density N i = 3 × 10 12 cm −2 , we calculate the electron density dependence of l in intra (k T ) due to the electron-impurity scattering and the result is shown in Fig. 1(b) . We find that the intra-valley spin diffusion length increases with the increase of the electron density, which results from the decrease of 1/τ 1 i due to the increase of the screening in the nondegenerate limit. 28 With the effective momentum scattering rate 1/τ * = 1/τ 1 i + 1/τ ee instead of 1/τ 1 i , we also take into account the electron-electron Coulomb scattering . It is noted that differing from the case of the degenerate limit, 1/τ ee = 35.7e 4 N e /( κ 2 k B T ) in the nondegenerate limit with κ being the relative static dielectric constant. 61 It is seen that the spins relax faster along the spin diffusion with increasing electron density, which is opposite to the situation with only the electron-impurity scattering included. This can be understood as follows. As the elec-tron density increases, the enhancement of 1/τ ee leads to the decrease of the intra-valley spin diffusion length due to the electron-electron Coulomb scattering (curve with •), which suppresses the increase of l in intra (k T ) contributed by the electron-impurity scattering.
It is noted that the feature of the spin diffusion is similar to the one of the spin relaxation in the weak scattering limit in time domain. 50 Specifically, the intra-valley spin diffusion length decreases with increasing the scattering. This is because the spin precession frequency in the spatial domain is proportional to k −1
x , 62 which gives strong inhomogeneous broadening along the spin diffusion. Similar behavior has also been shown in the case of spin diffusion in symmetric silicon quantum wells under an in-plane magnetic field 49 since the spin precession frequency in the spatial domain has similar momentum dependence.
62
IV. SUMMARY
In conclusion, we have investigated the electron spin diffusion in monolayer MoS 2 in the absence of the external electric and magnetic fields. The anisotropic spin precession frequency in the spatial domain leads to a marked contribution of the electron-impurity scattering in the in-plane spin diffusion. This is of great difference from the spin relaxation in time domain in monolayer MoS 2 where the contribution of the electron-impurity scattering is negligible. With the electron-impurity and intervalley electron-phonon scatterings separately included in the KSBEs, we analytically study the intra-and intervalley diffusions for in-plane spins. The intra-valley process is shown to play a dominant role in the in-plane spin diffusion, which is different from the case of the spin relaxation in time domain in this material where the inter-valley process can be comparable to or even more important than the intra-valley one. In the dominant intra-valley process, it is shown that the in-plane spin diffusion is suppressed by increasing impurity density but enhanced with the increase of the electron density in both the degenerate and nondegenerate limits. Interestingly, with the electron-electron Coulomb scattering further included, a decrease of the spin diffusion length is observed as the electron density increases in the nondegenerate limit.
